A method is developed toward high sequence coverage of proteins isolated from human breast cancer MCF10 cell lines using a 2-D liquid separations. Monolithic-capillary columns prepared by copolymerizing styrene with divinylbenzene are used to achieve highresolution separation of peptides from protein digests. This separation is performed with minimal sample preparation directly from the 2-D liquid fractionation of the cell lysate. The monolithic column separation is directly interfaced to ESI-TOF MS to obtain a peptide map. The protein digests were also analyzed by MALDI-TOF MS and an accurate M r of the intact protein was obtained using an HPLC-ESI-TOF MS. The result is that these techniques provide complementary information where nearly complete sequence coverage of the protein is obtained and can be compared to the experimental M r value. The high sequence coverage provides information on isoforms and other post-translational modifications that would not be available from methods that result in low sequence coverage. The results from the use of monolithic columns are compared to that obtained by CE-MS. The monolithic column separations provide a rugged and highly reproducible method for separating protein digests prior to MS analysis and is suited to confidently identify biomarkers associated with cancer progression.
Introduction
An important problem in current proteomics is searching for biomarkers of various diseases [1] . This involves searching for proteins that undergo highly dynamic changes during the course of a disease such as cancer progression. These changes may involve sequence modifications including truncations, deletions, splice variants, and sequence substitutions, as well as posttranslational modifications (PTMs), such as phosphorylation, glycosylation, acetylation, and methylation, and a host of other modifications that may affect the function of the proteins [2] [3] [4] and play a significant role in the pathways leading to carcinogenesis [5] . In addition to this complexity, many important proteins involved in regulation are often present in low abundance, presenting further challenges in proteomic studies. Traditionally, 2-DE [6] has been used to profile protein expression and to search for changes in such expression levels of disease states, including tumor cells.
Despite the tremendous contribution the 2-DE method has made to the study of various proteomes, it has a number of fundamental limitations. These include the labor-intensive and time-consuming nature of the technique, poor reproducibility, and under-representation of certain classes of proteins, so that truly comprehensive analysis is impossible. Furthermore, it cannot provide accurate M r information and it still remains difficult to interface 2-DE directly to MS analysis [7, 8] . More recently, a method utilizing 2-D liquid-phase separations based on pI and hydrophobicity of proteins has been developed for mapping of proteins and applied to large-General 2127 scale study of several different types of human cancer cells [9] [10] [11] . This method allows for direct interfacing of chromatographic separation for ESI-TOF MS analysis to obtain an accurate M r value. Alternatively, the proteins contained in selected pH ranges can be collected, enzymatically digested, and analyzed by MALDI-TOF MS to obtain a peptide map or sequencing information by tandem mass spectrometric analysis. The protein identification can then be readily obtained by database searching.
The use of peptide mapping by MALDI-TOF MS provides very limited sequence coverage, typically, in the range of 40-50% at most, due to the ionization efficiency often depending on the choice of matrix [12] , peptide composition [13, 14] , ion suppression, and suppression or loss of PTMs. Thus, the issue becomes obtaining sufficiently high sequence coverage to prevent false identification of unknown proteins and then to identify the presence of important PTMs or other variations that are often particular to different stages of cancer and other diseases.
In recent work, a method combining CE/ESI-TOF and MALDI-TOF MS was used to improve the sequence coverage of peptide maps [15] . A sequence coverage of over 90% could be obtained in most cases from tryptic digests by combining the peptides detected from both techniques. The sequence could be used with the M r value determined by ESI-TOF MS and the known M r value from the database to determine the sequence coverage and where modifications or isoforms were present. Using this method, various isoforms of proteins found in breast cancer cells could be identified and sequence variations identified.
An alternate form of capillary separation involves the use of monolithic columns, which are formed of a single, rigid, and porous polymer. The use of these monolithic columns has been described in many studies involving biological molecules, including nucleic acids, ribonucleic acids, proteins, and peptides [16] [17] [18] [19] [20] [21] [22] . It has recently become a stationary phase of choice in LC with several advantages over conventional packed columns. Due to the lack of interstitial space, these monoliths can provide a very fast separation with high resolution. Also, as analyte does not dwell at the resin, it is capable of producing high recovery, hence increased sensitivity, and can separate very hydrophobic analytes that might otherwise be difficult to elute with conventional packed columns. Compared to CE-MS, the method is very rugged where large numbers of separations can be run and the enhanced loadability allows much improved sensitivity.
In the present work, proteins isolated from 2-D liquid separations of breast cancer cell lysates were analyzed by combining several methods to obtain high sequence cov- 
Materials and methods
The experimental overview is shown in Fig. 1 . The proteins from lysed cells are subjected to 2-D liquid-phase separations according to their pI and hydrophobicity. The 
Cell lines
The cells used in this work are CA1a.cl1 and CA1d.cl1, cloned and fully malignant lines derived from the MCF10A human breast cancer cell line, which are maintained and prepared by the Barbara Ann Karmanos Cancer Institute (Wayne State University, Detroit, MI) as previously described [23] .
Preparative liquid-phase IEF
The first-dimensional separation based on pI was performed using the Mini-Rotofor (BioRad, Hercules, CA) to separate the cell extracts as previously described [9, 15] . Briefly, cell extracts were mixed with IEF running buffer composed of 8 M urea, 2 M thiourea, and 2% Biolyte of pH 3-10 (BioRad). The Rotofor chamber was loaded with 18 mL of the mixture, and the separation constantly controlled at 12 W for 3.5 h. The separated pI fractions were harvested into 20 tubes for pH measurements using an Orion pH meter (model 250A, Allometrics, Baton Rouge, LA) and Accumet combination electrodes (Fischer, Pittsburgh, PA). Each fraction was subjected to a colorimetricbased Lowry assay (RC Protein Assay, BioRad) for relative quantitation and stored at 2807C until use.
NPS-RP-HPLC separation
The second-dimensional separation was performed using NPS-silica columns. The NPS-RP-HPLC column (33 mm length64.6 mm id) packed with 1.5 mm C18 NPS ODSIIIE silica beads (Eprogen, Darien, IL) was used at a flow rate of 0. 
NPS-RP-HPLC/ESI-TOF MS
Intact M r analysis was performed by analyzing eluent from NPS-RP HPLC for on-line ESI-TOF MS (LCT, WatersMicromass, Manchester, UK). The separation was performed under the same experimental conditions as in the previous section except that TFA was substituted with 0.3% formic acid (Sigma) in both mobile phases to improve ESI efficiency. A splitter system was used so that 40% of eluent from the HPLC was delivered to the LCT. The capillary voltage for electrospray was set at 3200 V, sample cone at 40 V, extraction cone at 3 V, and reflection lens at 750 V. Desolvation was enhanced by controlling the desolvation temperature at 3007C and source temperature at 1207C. The nitrogen gas flow was maintained at approximately 650 L/h. One mass spectrum was acquired per second. The intact M r value was obtained by deconvoluting the combined ESI spectra of the protein utilizing the MaxEnt1 feature of MassLynx software version 4.0 (Waters-Micromass).
Protein digestion
The proteins collected off-line by NPS-RP-HPLC separation were completely dried down using a SpeedVac (Labconco, Kansas City, MO). Fifty microliters of 50 mM ammonium bicarbonate at pH 7.8, filtered through 0.22 mm and 0.5 mg of L-1-tosylamido-2-phenylethyl chloromethyl ketone modified sequencing-grade trypsin (Promega, Madison, WI), was added for digestion at 377C for 18 h and stopped by adding 1 mL of 10% v/v TFA. The digestion mixture was divided into 10 mL for MALDI-TOF MS analysis and the rest dried completely with a SpeedVac. Prior to monolith-based LC-MS and LC-MS/MS analysis, peptides were reconstituted in 5 mL of deionized water.
MALDI-TOF MS
Each digested protein was analyzed by MALDI-TOF MS. Prior to spotting, each of the digested samples were desalted and concentrated by using C18 ZipTip (Millipore, Bedford, MA) and eluted into 0.5% v/v TFA/60% v/v ACN. The MALDI-matrix solution was prepared by diluting saturated a-cyanohydroxycinnamic acid (a-CHCA; Sigma) with 0.5% v/v TFA/60% v/v ACN at 1:4 ratio v/v. The internal standards included angiotensin I, adrenocorticotropic hormone (ACTH) fragments 1-17 and 18-39 (all from Sigma). Internal standard peptides were added so that a final concentration of 50 fmol each was reached in each spot of the MALDI plate.
Peptide masses were measured by the TofSpec2E (Waters-Micromass) with delayed extraction in reflectron mode with positive polarity using a nitrogen laser (337 nm). The operating voltage was 20 kV and reflectron voltage of 24.5 kV. The pulse voltage used for delayed extraction was set at 2300 V at a 520 ns delay time. The sampling rate was 2 GHz. Peptide mass spectra were internally calibrated resulting in a mass accuracy of 50 ppm or less. The calibrated spectra were processed using MassLynx version 4.0 to obtain monoisotopic experimental masses for submission to MS-Fit available from http://prospector.ucsf.edu to search the Swiss-Prot and NCBI databases for protein identification under the species of Homo sapiens with no restrictions on M r and pI range. A maximum of two missed cleavages was allowed, and cysteine was unmodified. The possible modifications including oxidation of methionine, N-terminal acetylation, and phosphorylation at S, Y, and, T were allowed.
Monolith-based HPLC separation and on-line interfacing with ESI-TOF MS
The Ultra-Plus II MD Capillary Pump module (Micro-Tech Scientific, Vista, CA) with a homebuilt column heater utilizing a variable autotransformer (Staco Energy Product, Dayton, OH) was used for all chromatographic experiments with the monolithic-capillary column. Monolithiccapillary columns of dimension of 360 mm od6200 mm id660 mm L were prepared by copolymerizing styrene and divinylbenzene according to the protocol described elsewhere [19] . The capillary column was directly mounted to a microinjector (model C4-1004-.5, Valco Instruments, Houston, TX) with a 500 nL internal sample loop and a microtight union with 5 nL swept volume (Upchurch Scientific, Oak Harbor, WA) was used to connect a capillary tubing to the LCT. The flow rate of the solvent delivery pump was set at 0.5 mL/min, which was split precolumn to produce a flow rate of 2.5 mL/min at 607C through the monolithic-capillary column. A mobile-phase system of two solvents was used, where solvents A and B are composed of 0.05% formic acid (Sigma) in DI water and ACN, respectively. A linear gradient of 0-100% B in 18 min was applied, immediately followed by column equilibration.
Each digested protein was analyzed using monolith-based HPLC interfaced on-line with the LCT. The desolvation temperature was maintained at 1207C and source temperature at 807C. The nitrogen gas flow was controlled at 90 L/ h. One mass spectrum was acquired per second. The monoisotopic peptide M r values were obtained by utilizing MaxEnt3 feature of MassLynx version 4.0 software by allowing maximum charge state of up to 13 in the mass range of 500-4000 Da. All processed mass spectra were subjected to PMF analysis by database searching in the manner described in Section 2.6.
Monolith-based HPLC-MS/MS
In order to sequence the tryptic peptide sequence of interest, HPLC-MS/MS experiments were performed using linear IT MS (LTQ, Thermo Finnigan, San Jose, CA). An identical platform for HPLC separation, described in the previous section, was utilized. The capillary transfer tube was set at 1757C, and electrospray needle was held at 13.5 kV. A sheath gas flow of 15 arbitrary units was used. The ion activation was achieved by utilizing helium at a normalized collision energy of 35%. All MS/MS data obtained were analyzed by using the TurboSequest feature of Bioworks 3.1 SR1 (Thermo Finnigan). By allowing the maximum missed cleavage of two, peptide ions are automatically assigned with the X corr values to consider .3.5 for 13 ions, .2.5 for 12 ions, and .1.5 for 11 ions.
Results and discussion
The monolithic column was used in this work to analyze proteins separated from breast cancer cell lines. All proteins from the human breast cancer cells in this experiment were analyzed with the same monolithic-capillary column. The column exhibits excellent ruggedness, where the stability of this type of column has been described elsewhere [24] . The salts and other species that might otherwise clog the column in CE-MS were cleaned up by running a 100% aqueous solvent prior to RP separation to wash off the impurities. In addition, only a few femtomoles of injection was possible with CE-MS in previous work [15] , making it difficult to analyze proteins of low abundance, whereas monolith-based LC offers much higher loadability to improve detection.
High protein sequence coverage with monolithic LC-MS
A CA1a cell lysate was separated by 2-D liquid separations where NPS-RP-HPLC separation of proteins prefractionated at the pH of 7.55 is shown in Fig. 2 . A total of ten proteins contained in this fraction were analyzed for identification through PMF analysis. The protein digests were analyzed by capillary monolithic LC-MS where a typical high-resolution separation profile, completed in less than 10 min, is shown in Fig. 3 for one of the proteins (peak no. 6 in Fig. 2 ). Typical full peak widths at half height are in the range of 3-5 s. The speed of separation is important since in analysis of complex cell lysates, there may be large numbers of proteins that need to be analyzed. Considering that recovery of proteins separated by NPS silica column is approximately 80% [25] , it is estimated by performing peak quantitation with manual Fig. 2 . Also shown is the overall sequence coverage obtained by combining peptide masses from each method into database searching. In many cases, high sequence coverage was readily obtained solely by the monolithic-LC-MS method. Figure 4A illustrates the protein coverage map by each MS method for annexin II, which is found to be highly expressed in the malignant cell of human breast cancer and suggested as a potential biomarker based on the previous differential expression study [9] . The sequence coverage of 90% for this protein of ca. 40 kDa was analyzed by monolithic LC-MS alone. As shown in the coverage map, monolithic LC-MS missed only three peptides, including 1-10, 79-88, and 207-212, excluding three tryptic peptides composed of one or two amino acids that cannot be detected in the mass range set for 500-4000 Da for both of the mass spectrometric methods. This implies that the protein coverage by monolithic LC-MS was almost complete. A similar observation can be made with superoxide dismutase, for which the coverage map is shown in Fig. 4B addition of peptide mass data from MALDI-TOF MS contributed to an increase of .10% of the overall protein sequence coverage for many of the proteins analyzed. It shows that this unique approach of combining different MS methods typically covers from 80% to over 90% of the overall sequence of the proteins ranging in size from a few thousands to over 70 kDa. Table 2 shows that proteins contained in other pH fractions of CA1a and a different cell line, CA1d, were also successfully analyzed.
Occasionally, the tryptic peptide sequences that were detected by neither monolith-based LC-MS or MALDI-TOF MS were detected and successfully sequenced by linear IT MS. Two of the tryptic peptides of heterogeneous nuclear ribonucleoproteins A2/B1, LFVGGIK, shown in Fig. 5 with the MS/MS spectrum, and EESGKPGAHVTVK (110-112) were not detected by either method for PMF analysis, yielding the overall coverage of only 74%. However, the tandem mass spectrometric analysis identified these peptides, therefore increasing the overall sequence coverage to 80%.
More enhanced peptide detection by monolithic LC-MS
In previous work, lamin, which helps maintain and establish the shape and strength of the interphase nucleus [26, 27] , was analyzed with CE-MS with sequence coverage ranging from ca. 68-76% for a few isoforms (Table 1 ) [15] . The same protein was analyzed by monolithic LC-MS to reveal sequence coverage of higher than 80-90%, which increased up to 96% with the addition of the results from MALDI-TOF MS. Figure 6A shows the monolithic LC-MS spectrum scanned over the actual separation time of a digest of lamin identifying five peptide sequences, mostly within mass accuracy of less than 100 ppm, that were not detected by the CE-MS method. Given that both methods utilized the same ionization method, it is strongly believed that the separation characteristics of monolithic LC, including high recovery and loadability, may have contributed to revealing peptides that went undetected by CE. This is an important observation because peptides bearing certain PTMs are difficult to detect due to their presence in relatively low concentrations and the monolithic LC may be a suitable means to overcome this problem. Two additional tryptic peptide sequences in lamin, key to identifying sequence variations involving isoforms, were detected by monolithic LC-MS analysis and are discussed in the following section. Figure 6B shows the direct comparison of sequence coverage for lamin isoforms obtained by monolithic LC-MS and CE-MS, where it is clearly visualized that enhanced sequence coverage was observed by monolithic LC-MS.
Analysis of isoforms and PTMs using monolithic LC-MS and NPS-RP-LC-MS
In addition to very high protein sequence coverage by PMF analysis, an excellent match between experimental M r obtained by NPS-RP-HPLC/ESI-TOF MS and the theoretical M r of many of the proteins analyzed in this experiment serves to further suggest that the protein identification procedures are highly reliable, as several proteins in Tables 1, 2 exhibited a very close agreement. Ubiquitin, for example, contains no suggested modifications in its sequence, and therefore experimental and theoretical M r 's are identical. In our previous study [15] , the usefulness of intact M r in determining sequence variations of proteins was demonstrated where unique peptides were detected by MALDI-TOF MS. The use of M r measurements allowed the identification of the presence of isoforms of lamin. A single gene of lamin A/C encodes four isoforms, the most widely studied being lamins A and C, as well as ADelta10, resulting from alternative splicing [26, 28] . The lamin C is identical to that of lamin A for the sequence (1-566), while a slight difference is observed in (567-572) where GSHCSS in lamin A is replaced by VSGSRR in lamin C. The rest of the sequence in lamin A (573-664) is absent in lamin C. In lamin ADelta10, a sequence (537-566) is missing from lamin A, the rest being identical [27] . In the present study, we successfully identified unique peptides with no missed cleavages contained in two isoforms, lamins A and C, with both monolith LC-MS and MALDI-TOF MS, as summarized in Table 3 . Figures 7A and B show the detection of the peptide sequences unique to lamins A and C, respectively, by monolithic LC-MS. Figure 8 shows that one of these unique peptides, TALINST-GEEVAMR (528-541), was successfully sequenced, further confirming its detection by utilizing monolith-based LC separation. The unique peptide of lamin ADelta10 was not detected by the present study. It is interesting to note that none of these unique peptides were observed by CE-MS analysis in our previous study, while their presence was observed using monolithic LC-MS, further suggesting its usefulness in PMF analysis.
Another interesting observation of isoforms was made with cytoplasmic actin. There are three main groups of actin isoforms in vertebrates, including a, b, and g forms [29, 30] . b-Actin and g-actin are known to coexist in most cell types as components of the cytoskeleton and as mediators of internal cell motility. This protein has been studied earlier based on intact M r from NPS-RP-HPLC [31] , although unique peptides were not found by MALDI-TOF MS analysis due to their very high degree of homology where 98.9% (371/375) of the sequence is identical. In this work, both b-actin and g-actin were identified with overall coverage of 83 and 88%, respectively, with closely matching intact M r values, when peptide maps from different MS methods were combined ( Table 2 ). The unique peptides of these two isoforms are found in four of the first ten amino acids in their sequences, MEEEIAALVI for g-actin and MDDDIAALVV for b-actin, while the remainder of the 371 amino acids in the sequence of these proteins are identical, making it a difficult task to distinguish them.
In their mature forms, the first amino acid residue of the sequence, methionine, of both forms of actins is missing and the second amino acid in each of the sequence, glutamic acid for g-actin and aspartic acid for b-actin, are acetylated at the N-terminus [32] [33] [34] . Many studies report that the histidine residue at position 73 is methylated in actins [35, 36] . Considering these modifications and alterations in sequence, theoretically, g-actin should have MW of 41 718 Da, which closely matches our experimentally determined intact MW of 41 714 Da, or less than 100 ppm of mass accuracy. The same consideration can be made with b-actin which should have MW of 41 662 Da, in comparison to the MW of 41 670 Da determined experimentally. In Fig. 9 , the observation of the Figure 7 . Identification of unique peptides (multiply charged; see Table 3 for peptide sequence information) in the isoforms of lamin, (A) lamins A and C and (B) lamin C, detected by monolith-based HPLC/ESI-TOF MS with zoomed-in view. A closer examination of the mass spectrum obtained for actin allowed for the detection of the presence of another PTM. Shown in Fig. 10 is a doubly and triply charged peptide sequence containing methylated histidine, YPIEHGIVTNWDDMEK (69-84, 1960.911 Da), by monolithic LC-MS. This modified sequence was also found by MALDI-TOF MS analysis (data not shown). The modification at this particular residue of this peptide sequence, common to both b-and g-actins, was suggested by a recent study where it appears to play a role in polymerization of actin and ATP hydrolysis [37] . Although detailed structural study by MS/MS is necessary for characterization, the results presented here strongly indicate that monolith-based LC-MS followed by PMF analysis is capable of identifying the presence of PTMs.
Concluding remarks
A method for obtaining consistently high sequence coverage of proteins separated from lysates of human breast cancer cell lines has been successfully demonstrated by utilizing a polymer-based monolithic-capillary column for LC-MS to obtain a rapid and high-resolution separation. Very high sequence coverage of proteins readily obtained by combining PMF results from monolithic LC/MS and MALDI-TOF MS enhances the reliability of the protein identification procedures. Although CE-MS could also be used to analyze these samples, an important advantage of the monolith HPLC-ESI-TOF MS is the ruggedness of the technique. In CE-MS using a sheathless interface the electrical connection has been found to be the limiting factor where the connection needs to be redone after a couple of runs. Although CE can provide much improved resolution [38] compared to the monolithic columns in the 10 min separation interval, with the use of MS analysis sufficient resolution is obtained for distinguishing each peak. In addition, the monolithic columns provide much improved loadability compared to CE and much shorter separation times compared to packed capillary chromatography.
The monolithic column separations coupled to MS was also used to elucidate the presence of sequence variations, such as isoforms, and PTMs of proteins, aided by intact M r information and MS/MS using linear IT MS. It is important to emphasize the uniqueness of this study due to the nature of samples analyzed, which originate from highly complex biological mixtures, suggesting the versatility of this approach for many other applications. In addition, this method requires no sample preparation or purification upon completion of enzymatic digestion of proteins prior to MS analysis.
Several proteins analyzed in this work, including annexin II, fructose bisphosphate aldolase A, phosphoglycerate kinase 1, and peptidyl-prolyl cis-trans isomerase A, have been reported to be highly expressed in tumor cells and described as potential biomarkers based on differential expression studies [9, 39] . Although further work will be necessary to fully characterize these proteins, it is clearly demonstrated in this study that the method of monolith-based LC on-line hyphenated with MS has great potential to become a high-throughput methodology. It may be used to characterize large numbers of potential biomarkers in various types of tumor and other diseased cells and to study the presence of a wide variety of modifications and structural changes in protein expression. Figure 9 . Identification of unique peptide (see Table 3 for peptide sequence information) in g-actin by (A) monolith-based HPLC/ESI-TOF MS with zoomed-in view and (B) MALDI-TOF MS. 
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